ABSTRACT. We studied the diversity of Aedes breeding sites in various urban, suburban, and rural areas over time between February 2009 and February 2010 in the dengue endemic areas of Penang Island, Malaysia. We categorized the breeding sites and efficiency, and identified the key breeding containers. Among the 3 areas, the rural areas produced the highest container index (55), followed by suburban (42) and urban (32) areas. The numbers of key premises and containers were significantly higher (P , 0.000) in rural areas. The class 1 containers were identified as the key containers with higher productivity and efficiency, although class 2 and class 4 are the highest in numbers. Aedes aegypti immatures were found mostly in drums, water reservoirs, and polyethylene sheets, while mixed breeding was more common in buckets and empty paint cans in urban and suburban areas. Aedes albopictus was found mainly in miscellaneous containers such as drums, empty paint cans, and covers in all areas. The main potential containers indoors were drums, water reservoirs, and empty paint cans, and containers outdoors included empty paint cans, drums, and polyethylene sheets.
INTRODUCTION
The dengue vector mosquitoes and associated diseases have spread almost throughout the entire tropical and subtropical areas, thus posing a threat to 55% of the world's population over 124 countries (Gubler 2006) . This ratio has increased to 70% in Asia and the Pacific countries (WHO 2009a) . Effort to control vector mosquitoes has mainly involved the use of insecticides, but this strategy has proven incompetent due to the development of resistance in target species (Ranson et al. 2010 ) and environmental health hazards. Other control strategies such as natural insecticides (Chung et al. 2010) , biological control agents (Pelizza et al. 2010 , Ansari et al. 2011 , and vaccines have recorded little success (WHO 2009b) . The use of sterile insect technique (Nolan et al. 2011 ) and genetically modified mosquitoes (Wise de Valdez et. al. 2011 ) are still controversial (Alphey et al. 2010) . Therefore, vector control through source reduction remains the main viable option to prevent dengue transmission (Deen 2004) .
A substantial body of research works has been carried out to understand the breeding habits and preferences of dengue vectors due to temporal and spatial variations. Overall, Aedes aegypti (L.) is considered to breed in urbanized areas. They prefer to lay eggs in domestic containers with stored water but may also use rainwater-accumulating containers present in peridomestic environments (Maciel-de-Freitas et al. 2007 ). Whereas, Ae. albopictus (Skuse) lay their eggs in outdoor containers in rural areas and to some extent in suburban areas (Delatte et al. 2008) . However, in Malaysia, both species have been found indoors and outdoors regardless of urbanization level (Saifur et al. 2012a ). This changing nature requires further and intensive investigation.
A diversity of containers is used in breeding sites by dengue vectors, and container productivity varies considerably. Addressing this issue, Tun-Lin et al. (1995) considered those holding large numbers of pupae as key containers. They defined the properties of 3 or more containers infested with larvae or pupae as key premises, believed to play a key role in population maintenance. Clearly, identifying and targeting of them is vital for an efficient and effective source reduction program. The key container type and distribution of key premises vary mostly upon habitat and ambient characteristics in different regions of the world. In South America, small miscellaneous containers, buckets, and drums are found to be highly productive (Macielde-Freitas et al. 2007 ). In many parts of Southeast Asia, drums and water reservoirs for washing or drinking purposes are reported to harbor a high density of immature mosquitoes (Kittayapong and Stricman 1993, Tsuda et al. 2002) . This key vector breeding container in Malaysia varies in different localities and changing human living situations with progressive urban development for both vector species and at locations indoors and outdoors (Nyamah et al. 2010 , Saleeza et al. 2011 . On Penang Island, where dengue history is very old and dates back to 1902 (Skae 1902) , there is still no definitive answer as to which containers are key sites for the breeding of dengue vectors and the productivity of the available breeding containers that is hindering the control program. Therefore, we conducted a yearlong larval surveillance in different areas of Penang Island to study the vector mosquitoes' breeding sites and their role in producing vector population.
MATERIALS AND METHODS

Study areas
The study was carried out in the tropical Penang Island (Fig. 1) , located between latitude 5u89-5u359N and longitude 100u89-100u329E in Penang State, Malaysia (Ahmed et al. 2006) . Three localities were selected for larval surveillance in each of urban, suburban, and rural areas. The study areas were in low-lying coastal zones, occupied by human population and surrounded by hills on the northwest. The places are characterized by their human density, housing pattern, vegetation cover, and dengue history. There is no clear seasonal demarcation. Temperatures during the study period ranged between 25uC and 35uC. Study sites in the 3 areas are described below.
Urban area
The 3 localities selected in the urban area, Jelutong, Gelugor, and Sungai Dua/Batu Uban, were characterized by low vegetation and higher number of dengue hot spots in the northeastern district of Penang Island. Of the 4 sites, the town of Jelutong (5u24900N, 100u19900E) situated at the outskirts of the capital of Penang, Georgetown, is a working-class, residential neighborhood. It has a number of high-rise apartments and some single-family dwellings for the lower-and middleincome wage earners. Gelugor (5u259000N, 100u199000E), a town located to the south of Georgetown, is made up of several residential and commercial areas with multistory buildings and well-managed single-family dwellings. The town of Sungai Dua (5u219N, 100u189E) is near Gelugor and a residential neighborhood in the east-central part of the Penang Island. It is made up of numerous modern infrastructure and facilities with many high-rise buildings and some tidy single-family dwellings. The village of Batu Uban (5u219N, 100u199E) is a traditional Malayan community located a few kilometers from the town of Gelugor. It is one of the earliest settlements in Penang Island, which is now characterized by soaring apartments, condominiums, and a number of single-family dwellings. 
Suburban areas
Rural areas
The rural area was represented by Kampong Teluk Tempyok and 2 remote areas of Balik Pulau (Balik Pulau-1 and Balik Pulau-2). These areas are described as follows:
Kampung Teluk Tempoyak (5u16900N, 100u17900E) is a fishing village by the sea and is surrounded by secondary forest and separated from other villages by a large hill. Balik Pulau, the 2nd area (5u219N, 100u149E), is an old ''rustic'' town in the southwest of Penang Island and surrounded by hills. It extends over half of the island with moderate to high vegetation, including the last patch of paddy fields. These fishing villages have a rural lifestyle with modern facilities of water supply and electricity. Both Balik Pulau-1 and -2 have a few small villages.
Entomological surveillance
A team of 3 persons carried out a monthly larval surveillance from February 2009 to February 2010. Twenty houses were inspected in each visit to an area. All wet (water-holding) containers present at indoors and outdoors of households, except in high vegetation or forested areas, were checked for immatures of Aedes mosquitoes. The containers were verified visually using a flashlight and all immature mosquitoes were collected (Manrique-Saide et al. 2008) . Medium-(,30-liter capacity) to small-sized positive containers were completely emptied. They were washed with additional amount of tap water and collected with a suction pipette. Larger positive containers (.30 liter), such as water reservoirs (concrete or plastic water holding tanks), wells, and artificial ponds were carefully sampled with a fish net for a standard time of 5 min (Kittiyapong and Stricman 1993).
All mosquito samples were transferred to labeled plastic containers, showing date of collection, area code, house identification code, and container identification code. The samples were carried to the laboratory and transferred into standard larval rearing bowls (30 cm 3 30 cm). The larvae and dead pupae were counted and identified to species under a compound microscope according to the standard keys (Harrison 2005) . Live pupae were allowed to emerge into adults and then identified. The number of larvae and pupae were recorded along with the container types and added to a database for subsequent statistical analyses.
Classification of vector breeding containers
All wet containers collected from the field were classified according to the intended use and importance in practical life. They were arranged under 7 classes of containers. Class 1 was considered the most important and comprised large-sized containers (water reservoirs). The city dwellers usually use them to store water for their regular use. Class 2 containers (buckets, empty paint cans, and covers) were medium to small in size. People use them for household purposes. Class 3 containers consisted of ornamental containers (flower vases and earthen pots). Class 4 containers included used or discarded but recyclable objects (tires, plastic pots, polyethylene sheets, etc.). Class 5 containers were discarded and nonrecyclable (ceramics, metal cans, car parts, etc.). Class 6 was a small group of necessary containers (dustbins and ant guards), which could not be discarded but easily maintained. Class 7 containers were natural mosquito larval habitats (tree holes, leaf axils, etc.).
Data collection and analysis
The containers observed at the sampling sites were given an identification number known as container identity (CID). A container with any amount of water was considered a wet container (WC). The WC with any number of larvae or pupae was considered a positive container (PC). Indoor container was one present under the shade of a roof, and outdoor container referred to a container present within a distance of 10 m from the roof area. Houses with PCs were considered positive premises. Key premises contained .2 PCs either indoors or outdoors according to TunLin et al. (1995) . Key container was a PC with .10% of the total immatures observed. The water source in PCs was identified by visual estimation and asking the homeowners. Container with ,30 liters of water indoors or outdoors was considered stored water. Water in small miscellaneous small outdoor containers during the wet season was considered rainwater. The pupal productivity (number of pupae 3 100/all pupae), prevalence of containers (number of WCs 3 100/all containers), and the containers' efficiency (pupal productivity/prevalence of container) were calculated according to Hammond et al. (2007) . A container efficiency of 1.0 was considered when all containers were assumed to be equally efficient (Tsuzuki et al. 2009 ). All data collected were statistically analyzed using the statistical software package SPSS 15.0 (SPSS Inc., Chiago, IL). Data were log transformed (Sokal and Rohlf 1995) before analysis to meet normality of distribution and heterogeneity of variance requirements for ANOVA. Tukey's Honestly Significant Difference test was applied to compare means for significant differences.
RESULTS
Dengue vector breeding locations and key premises
More than 40% of the houses inspected in Penang Island contained Aedes breeding sites on their premises. Among them, urban areas are mainly responsible for producing Ae. aegypti. All study areas produce a considerable number of Ae. albopictus, but they are the sole species produced in rural areas ( Fig. 1 and Table 1 ). More than N!\ of Aedes breeding houses produce 3 or more PCs in their compounds and they can be considered as key premises, where half of the immature population and PCs are generated. Rural areas produce the highest number of key premises followed by suburban and urban areas (Table 2) .
Aedes breeding containers and their contribution in immature production
About 44% of WCs in the Penang Island generated Aedes immatures. The mean number of PCs was significantly lower (F 5 5.03, df 5 1, P , 0.05) than the WCs, which increased correspondingly with increasing number of WCs (Fig. 2) . There were 16 different types of containers available in the field. Among them, CID 9 contributed the highest number of WCs and PCs, followed by CID 5 and 4. In most cases, higher percentages of PCs generated from the equal portion of WCs except for CID 2, 3, 9, and 15, which added a lower percentage of PCs than their WC ration (Fig. 3) . Regarding the production of larvae and pupae by the breeding containers, individual type of container contributed from 2 to 20% of total immature population. The greatest share was added by CID 1, followed by CID 2 and 4. Container types 3, 6, 8, 9, and 10 contributed 5-10%, and CID 7, 11, and 12 produced the lowest share of the population (Fig. 4A) . In terms of individual kinds of containers, drums and water reservoirs generated the highest number of immature mosquitoes. They produced .500 immatures/container, followed by dustbins (362 immatures/container). Different container covers (CID 5) and miscellaneous containers (CID 9) harbored the lowest number (about 50) of immatures per container (Fig. 4B ).
Availability of Aedes breeding sites in different study areas
Rural areas produced the highest proportion of pupae and PCs (50.5%), followed by suburban (29.3%) and urban areas (20.2%). Discarded plastic containers were the most abundant group found in all areas. Urban area produced quite a large number of larvae breeding in plastic sheets, followed by flower vases and concrete tanks, whereas the suburban area produced a large number of empty paint cans and covers. Used tires, empty paint cans, buckets, and their covers were found as the focal breeding containers in the 3 . The position of individual containers as vector breeding sites in Penang Island, Malaysia: 1-drums; 2-water reservoirs; 3-buckets; 4-empty paint cans; 5-drum and bucket covers, fruit basket lids; 6-flower vases and flowerpot base; 7-earthen pots; 8-tires; 9-plastic bowls, cans, oil cans, mugs, gallon jars, water bottles; 10-plastic sheets, plastic water pool and bags; 11-aquarium unused, glass jars, ceramics; 12-metal pots; 13-discarded appliances, foam, shoes, helmets; 14-dust carriers and bins, baby baskets and potty; 15-ant guards, tray; 16-coconut shells, tree holes, fallen leaves, bamboo stumps. rural area. Water reservoirs and plastic sheets in urban area; drums, empty paint cans, and miscellaneous containers in suburban area; and drums, empty paint cans, and buckets in the rural area all produced a comparatively higher number of pupae (Table 3 ).
The role of indoor and outdoor containers in mosquito breeding
There were 14 different types of artificial containers available in the indoor locations, which comprised 11.5% of PCs and produced M of immature mosquito population ( Fig. 5 and Table 3 ). The preferred indoor breeding containers were CID 1, 2, 3, and 4 (68%). The container types CID 6, 7, and 14 each contributed .5% of the total immature population. Outdoors, containers produced the greatest share (88.5%) of PCs. There were 16 different types. Container type 9 made the highest portion of PCs, followed by CID 5, 4, and 8 that added .10% in PCs, individually ( Fig. 5 and Table 4 ).
Water sources in creating Aedes breeding sites
Rainwater produced 83% of positive containers, harboring .60% of the larval population (Table 4) . Household containers represented a small portion (17%) of the PCs, but they contributed a major share (42%) in the production of vector mosquitoes. Almost all human filled containers were found inside houses, except for a small portion of about 5% found outdoors. Role of water quantity in mosquito production
The amount of water in the WCs varied from 1 ml to 100 liters in different mosquito breeding containers (Table 3) . On an average, the human filled containers contained about 20 liters of water, whereas those with rainwater had 1.5 liters each. Human filled containers harbored 3 times more immature mosquitoes than rain-filled containers. Production of mosquito immatures was positively correlated with the amount of water in the containers except for container class 4 (Table 5) .
Determination of key containers
Considering immature production and water holding criteria, the class 1 containers were the most productive and efficient among all classes of containers. They can be identified as the key containers in the present study area. The middle group of containers (class 2 and 4) were very abundant but not efficient in the field. The last group of containers (class 5 and 6) were efficient as Aedes breeding sites but comprised only a small number of containers (Table 5) .
Breeding site preference of dengue vectors
Our data showed that Ae. aegypti preferred to breed in CID 1, 2, and 10, whereas they favored CID 3, 4, 5, and 9 for breeding together with Ae. albopictus. Aedes aegypti was never found in CID 15 and 16 (Fig. 6A) . Aedes albopictus was found breeding in all containers available in the field. Container type 9 was identified as the most preferred site used by this species, followed by CID 5, 4, and 8 (Fig. 6B) .
Container efficiency on the basis of pupae production
The container efficiency on the basis of pupal productivity varied from 0.3 to 3.7 (Table 6) . Maximum outdoor containers together with some indoor containers were efficient pupae producers. The most efficient container was CID 1 (drums). The medium-to small-sized containers (CID 3, 5, 7, 8, and 9) produced fewer pupae (efficiency is ,1.0).
DISCUSSION
The present study in different areas of Penang Island revealed an abundant population of Aedes mosquitoes generated in a variety of breeding containers, both in indoor and outdoor locations. The number of vector breeding sites and their immatures production were denser than the earlier report in this area (Cheong 1986 ). Highly developed urban areas produced comparatively fewer breeding sites but more with Ae. aegypti. Overall, M of WCs in the study areas harbored Aedes immatures. This ratio increased for rural areas, where half of its WCs had developed as PCs. The frequent rain, ambient environmental temperature, available breeding containers, space in-between houses in the rural areas, and sufficient vegetation in outdoor situation had added in more containers to be positive. Outdoor containers produced mainly Ae. albopictus in rural areas in other countries (Chan et al. 1971 , Cheong 1986 , Kittayapong and Stricman 1993 . On the other hand, due to the growing public concerns regarding the domestic behavior of the principal dengue vector Ae. aegypti, there is less scope for this species to breed in indoor urban locations as observed in the present study, and this pushed this vector to the outdoor containers as reported in the previous studies (Ahmed et al. 2007 , Chadee et al. 2009 ). This changing adaptive nature of this vector species seems more dangerous with available breeding sources, opportunistic frequent biting, and gonotropic adaptability (Saifur et al. 2012b ).
The nature of vector breeding sites was associated with the influence of human habitat conditions including different social factors. The pattern of key container was changed with time, place, and progression of urbanization. In Singapore, earthenware jars, ant traps, and miscellaneous sites (mostly discarded items) produced the major share of Aedes larvae in 1970s (Chan et al. 1971) . The same group of containers was reported as key breeding sites in Malaysia, both indoor and outdoor locations (Cheong 1986) . Later it changed into miscellaneous containers such as buckets, basins, bowls (27.8%), and concrete tanks (21.2%) as the preferred Ae. aegypti breeding sites all over Malaysia (Lee and Cheong 1987) . With progression of urbanization, concrete tanks at indoors and earthenware jars and miscellaneous containers outdoors were documented as major breeding sites (Lee 1990 (Lee , 1991 . In the present study, big water storage containers, such as concrete tanks, wells, and drums, were identified as key containers with an efficiency of 2.6. This group of containers is widely known as key breeding sites in the urban areas (Maciel-deFreitas et al. 2007; Garelli et al. 2009 Garelli et al. , 2011 .
The present study noticed empty paint cans together with buckets and their covers as the most prevalent group (66.3%) of containers in all study areas. The city dwellers accumulate used or empty paint cans after painting their houses and used them as buckets. They intentionally filled them with water for daily purposes or left these containers outside to get filled up with rainwater. About 50% of them became positive containers. Most daily-use household containers, such as paint cans, drums, etc., come with covers. Usually these covers help to reduce mosquito breeding when properly used because covered water storage containers are less attractive to gravid mosquitoes due to their less scope in egg laying or produce fewer mosquito immatures (Van 2011) . The manufacturers make these covers in different patterns with an elevated or curved designed to attract people or otherwise. City dwellers put these less important covers outside on the Efficiency 5 productivity/prevalence of containers.
rooftops unintentionally. As a tropical country, the frequent rain and faulty design of these covers accumulate rainwater and attract mosquitoes to breed, which provide 45% sites for mosquito breeding, as we observed. To overcome this problem, some dengue endemic countries have redesigned the container cover. In Thailand, the most popular and standard cover is an aluminum lid with a handle on the top and a vertical lip around the edge of the container (Kittayapong and Stricman 1993) . This type of cover should be manufactured for all kinds of containers during their production worldwide. The discarded and disposable containers were a big share of Aedes breeding sites in dengue-prone countries (Chareonviriyaphap et al. 2003 , Nyamah et al. 2010 . They added about 50% mosquito immatures among outdoor containers in our study. It is increasing with the progression of urbanization due to the increasing use of canned products. In the early 1970s, it started to increase in Singapore (Chan et al. 1971 ) and later in Malaysia (Lee and Cheong 1987) . In addition, there are some new and unusual types of breeding containers found in every country according to their lifestyle and customs. In the present study, we observed many dwellers, especially in suburban and rural areas, used large-size polyethylene sheets as a protective cover to protect their goods from rain or sun; 60% of them supported medium to large numbers of mosquito immatures. This kind of breeding site should be brought to the public's notice, so that it can be managed or replaced with some other convenient material. We observed Ae. aegypti breeding in various unusual containers, such as fallen palm leaves, small discarded metal containers, spare parts of cars, and polyethylene sheets outdoors. Mixed breeding was found in stone holes, shoes, feeding containers in birdcages, dustbins, etc. These kinds of unusual Aedes breeding containers were reported from different places in the world, for example, rubber sap-collection containers (Hiriyan et al. 2003) , underground drains (Blackmore 1995) , basement floor of modern concrete building (Abu Hassan et al. 2005) , boat hull (Maciel-deFreitas et al. 2007 ), etc. Evidently, such types of local mosquito breeding sites have important role in increasing vector population worthy of special attention.
In conclusion, besides providing insight to the recent breeding sites of dengue vectors in Penang Island, this study indicates city dwellers' tradition of generating abundant breeding sites that produce huge vector population with potential risk of outbreaks. The adoption of environmental management with special attention to the key containers and abundant containers, bringing changes in the design of container covers and their proper use, together with proper collection and recycling of reusable and disposable containers, can prevent a major share of dengue vector population.
